Abstract. An atmospheric general circulation model with land surface properties represented by the simplified Simple Biosphere model is used to investigate the effects on local climate due to tropical deforestation for the Amazon basin. One control and three anomaly integrations of 4 years' duration are performed. In the anomaly integrations, rain forest in South America is replaced by degraded grassland. The anomaly integrations differ only in the optical properties of the grassland vegetation, with net surface albedos ranging from the same as to 0.09 lighter than that of rain forest. It is found that the change in climate, particularly rainfall, is strongly dependent on the change in surface albedo that accompanies deforestation. Replacement of forest by grass causes a reduction in transpiration and reduces frictional convergence by decreasing surface roughness. However, precipitation averaged over the deforested area is not necessarily reduced. Average precipitation decreases when the increase in albedo is greater than 0.03. If surface albedo is not increased appreciably as a result of deforestation, moisture flux convergence driven by the increase in surface temperature can offset the other effects, and average precipitation increases. As albedo is increased, surface temperature does not change, but surface latent and sensible heat flux decreases due to reduced radiational energy absorbed at the surface, resulting in a reduction in convection and precipitation. A change in the distribution of precipitation due to deforestation that appears to be independent of the albedo is observed.
Introduction
Changes at the land surface, whether natural or caused by human activity, can affect climate. The land is a source of and sink for heat and moisture for the atmosphere. Energy is exchanged between the surface and the air radiatively at visible and infrared wavelengths, through contact, or latently, through evapotranspiration. Evapotranspiration, whether transpiration from vegetation or direct evaporation from exposed surfaces, supplies moisture and heat to the atmosphere. In addition, momentum is transferred between the earth and the atmosphere via friction. These fluxes at the lower boundary act as forcings which help determine the state of the atmosphere locally and the circulation both locally and globally. Any changes in the soil or the vegetation that alter the fluxes of heat, moisture, or momentum will affect the atmospheric circulation [Dirmeyer and Shukla, also very dependent on albedo. The Amazon integrations showed similar effects but were of 1 year's duration or less and thus of questionable significance. This study is motivated by those previous findings; we intend to validate those results with longer integrations using realistic terrain and boundary conditions. We know that albedo changes directly affect the surface energy balance. In semiarid regions, an increase in albedo leads to a loss of radiative energy absorbed at the surface, and convective overturning is reduced [Charney et al., 1977; Chervin, 1979] . As a result, precipitation decreases. Evaporation may also decrease, further inhibiting precipitation [Sud and Fennessy, 1982; Laval and Picon, 1986; Sud and Molod, 1988] . However, the drying effects are not limited to the subtropics. Similar reductions in precipitation and evapotranspiration have been found for increased albedo in tropical Africa [Kitoh et al., 1988] and the Amazon basin [Mylne and Rowntree, 1992] .
There is reason to believe that smaller albedo changes than those proposed in the experiments by DHS, LW, NSS, HS, and PL may be more realistic. For example, the optical properties of the degraded grassland in the report by NSS were chosen to be identical to those of temperate grasses. However, Stephens and Greenwald [1991] show that clear sky components of the Earth Radiation Budget Experiment data and Nimbus 7 data over grassland areas of the North American Great Plains give net surface albedos that appear to be no more than 0.06 higher than those over the Amazon. Recent in situ measurements by Bastable et al. [1993] There will always be some uncertainty in predicting the true albedo of a largely deforested Amazon. Soil types vary across the region, as does the vegetation that replaces the forest. These variations contribute to fluctuations in net surface albedo. There are also variations in time. Typically, when an area is cleared by burning, a great deal of ash is contributed to the soil. This ash helps to keep soil albedos low. The land is usually put into use for farming for a few years and then converted to grazing land as the nutrient-poor soil is depleted. These grasslands are often recleared periodically by burning, adding more ash to the soil. Burning can drastically reduce surface albedo on the seasonal timescale [Fisch et al., 1994] and reduce the long-term surface albedo by the continued presence of dark ash (P. Sellers, personal communication, 1993) . Some areas are neglected after clearing and revert to a type of degraded forest with thick ground cover. Albedos for all such vegetation types vary. The uncertainties in the specification of albedo may have major implications for the surface energy balance of the region, which could affect the response of local climate to deforestation. Deforestation with large increases in albedo has been shown to cause significant decreases in evapotranspiration and rainfall in the modeling experiments of LW, NSS, and HS. LW find that large reductions in moisture flux convergence are primarily a result of the albedo increase. However, the same effects may not occur when albedo increases are small. One would expect smaller albedo increases to allow more energy to be available at the surface for heating the lower atmosphere. Possible results include a smaller curtailment of evapotranspiration and greater lowlevel convergence. These effects could prevent a large drop in rainfall. Therefore this study seeks to address how the degree of change in albedo associated with deforestation affects the response of local climate. Several experiments are conducted and compared with the results of previously published experiments, especially those of NSS.
Section 2 describes the GCM and vegetation model used. The framework of the deforestation experiments is explained in section 3. Section 4 presents results, including a diagnosis of the interannual variability with which the response must be compared. Section 5 presents a synthesis of the results, outlining a general schematic for the response of the general circulation to tropical deforestation. Results from previous studies and experiments with idealized topography are used to help determine a composite response. Conclusions are summarized in section 6.
Description of the Model
In all experiments, the Center for Ocean-Land-Atmosphere Studies (COLA) atmospheric general circulation model is used with specified lower boundary conditions over ocean and a biosphere model over land. The atmospheric general circulation model used is a research version of the National Meteorological Center global spectral model described by Sela [1980] with modifications and boundary conditions as described by Kinter et al. [1988] . The model is discretized into 18 vertical layers, with resolution concentrated near the lower boundary. The model is integrated for 4 years with a rhomboidal truncation at total wavenumber 15. This translates to a grid resolution of approximately 7.5 ø of longitude by 4.5 ø of latitude. A Gaussian grid is used by the model for all physics calculations.
The radiative processes in the GCM include the diurnally varying radiation scheme of Harshvardhan et al. [1987] , the shortwave transfer scheme described by Lacis and Hansen [1974] as modified by Davies [1982] , and the longwave scheme of Harshvardhan and Corsetti [1984] . Boundary layer fluxes are those used in the E2-Physics package of the Geophysical Fluid Dynamics Laboratory model by Miyakoda and Sirutis [1986] . Vertical diffusion in the boundary layer is based on the second-order closure model of Mellor and Yamada [1982] . Convection and large-scale precipitation are computed by a modification of the scheme of Kuo [1965] as described by Sela [1980] , and the shallow convection scheme is that of Tiedke [1984] . The GCM uses the interactive model-generated cloud scheme of Hou [1990] .
The lower boundary conditions for the GCM are supplied as follows. The biosphere model used to provide boundary conditions over land is a simplified version of the Simple Biosphere (SiB) model of Sellers et al. [1986] , which is described by Xue et al. [1991] , and is referred to hereafter as SSiB. Initial soil moisture and temperature are computed by using the soil moisture data of Willmott et al. [1985] and the soil temperature method of Delsol et al. [1971] . The integrations have seasonally varying climatological sea surface temperatures [Slutz et al., 1985] .
There are significant differences between this experiment and that of NSS. The current version of the GCM has the interactive model-generated cloud scheme of Hou [1990] , whereas in that of NSS clouds were specified as a function of 
Description of Experiments
The investigation of Amazon deforestation is conducted with the use of the medium-resolution (R15) GCM with realistic topography. The R40 version of the GCM produces a more realistic climatology but is prohibitively expensive to integrate for the amount of time needed to produce statistically meaningful results for all experiments. The control integration is started from observed conditions at 0000 UTC September 1, 1990, and integrated for 3 months to reduce the effect of the initial conditions. From the resulting 0000 UTC December 1, 1990, conditions, three deforested integrations are initialized. Both control and deforested integrations are carried out for 4 years from that point.
In all three deforested integrations, the SSiB rainforest vegetation type is replaced by degraded grassland over South America. Figure 1 shows the grid points where the vegetation type is changed. The only difference between the three cases is the specification of albedo in the deforested area. Table 1 shows the reflectances and net surface albedos for control and deforested cases. Changes are made to canopy and soil albedos in both visible and near-infrared wavelengths to achieve the given net changes. In deforested case DO, the annual average surface albedo over degraded grass is the same as over the rainforest of the control (CTL) case. The albedo in the other two deforested cases, D6 and D9, is increased by 0.06 and 0.09, respectively. The 0.09 value corresponds to the increase used by NSS, and the 0.06 value is near the typical measured value discussed earlier and is also halfway between the low measured value of Bastable et al. [1993] and that of NSS.
In The relatively weak response of ET to deforestation suggests that changes in ET are not directly causing the precipitation anomalies. Table 2 There is a clear modulation of this basic pattern as a function of albedo. The anomalies in DO show a broad, strong band of increased rainfall near the Atlantic coast and a weaker band of reduced rainfall parallel to and inland from the first band. Rainfall rates increase by more than 20% in the area between the Orinoco and Amazon Rivers. In D6, the positive anomaly band is weaker and more broken than in DO. The area of negative anomalies is stronger, particularly in the north. In D9, the case with the greatest change in albedo, the area of negative anomalies is very broad and strong, with decreases of more than 20% over a wide area. The area of positive anomalies is actually stronger than that in D6 but is shifted to the east of the position in the other deforested cases.
The areas of increased and decreased precipitation are very robust between cases, although there is some shifting of the dividing line toward the east as the albedo over the deforested area increases. Nonetheless, we may define two is also documented by DK and PL. There are, however, elements of the surface energy balance which are different from previous results. In the current experiment, sensible heat flux does not increase as a result of deforestation. This is true even though the surface temperature increases by 2 K and may be due to the large reduction in roughness. The magnitude of the decrease grows as the 
Seasonal Cycle
The annual cycle of precipitation is compared with the 1979-1992 mean observed annual cycle, compiled from the CAC Climate Anomaly Monitoring System data (supplied to COLA by J. E. Janowiak). Figure 6 compares the seasonal cycles within each area. Subject to possible sampling problems in using data for sparsely distributed stations, there is good agreement between the simulation and observations for most times. However, the amplitude of the annual cycle in the model is generally too large. This is caused by an excess of GCM rainfall in the local wet season, particularly over the two maxima in precipitation shown in Figure 2 . This effect is averaged out over the DEF area. The phase of the seasonal cycle is reasonable in all three areas. The peaks of the rainy seasons tend to be shifted slightly, but the timing of the dry seasons is quite good. Both DEC and DEF show a secondary peak in September. This is the result of the model ITCZ returning southward much sooner than observed. Also, convective precipitation in the south is generally too strong and too far south during the southern rainy season. Both shortcomings may be due to the relatively low spatial resolution of the model. Precipitation in this integration is generally weak over the western tropical Atlantic and strong over land. These problems were not seen in the 1-year integration at R40 [Dirmeyer, 1992] .
Deforestation introduces an anomaly in precipitation whose shape and phase are very similar for all three anomaly cases. Differences between cases take the form of variations in the amplitude of the anomalies and the annual means. Figure 7 shows the anomalies in the seasonal cycle of precipitation over each area. Over the DEF area, there is a tendency for the wet season to arrive and end sooner than in the control case. May through July are drier in each of the deforested cases, and January is wetter. The changes in other months are not systematic. DO tends toward more rainfall than the control case (8 months of the year) and always more than the other deforested cases. D9 has the least precipitation in 9 of the 12 months. In the INC area, the amplitude of the seasonal cycle of rainfall is increased. There is a tendency in each case for the rainy season to be wetter and the dry season drier. In the DEC area, the rainy season is much drier in every deforested case. The rainy season also ends more abruptly, although the onset is not affected. Most of the variation between cases occurs during the dry season and the secondary wet season late in the year.
In each area, the change in ET has a similar pattern (not Table 5 , the anomalies over the areas do significantly exceed the natural variability of the control case. It was found that the average lifetime of a precipitation anomaly (defined as the number of consecutive months that the mean monthly precipitation anomaly averaged over the area maintained the same sign) was not significantly different from what would be expected if monthly precipitation anomalies were determined by a random process. Therefore, a value of 1.61 is significant at the 95% level, and 1.96 is significant at 99%. The anomalies in each case were also found to be significant at 95% at almost all individual grid points over northern South America. Some grid points over the Nordeste region and near the southern climatological rainfall maximum were not significant at 95%.
We have also examined the interannual variability of monthly mean rainfall anomalies about a 4-year mean climatology for each case separately. This is equivalent to the Figure 10 shows the mean January and July diurnal cycles for precipitation, ET, and surface temperature over the deforested area. Only three cases are shown: control, DO, and D9. In January, precipitation in the deforested cases tends to be greater than in the control case in the afternoon and evening hours and less than or about the same as in the control overnight and during the morning. DO rainfall is greater than that in the control during most of the day. In July, both deforested cases have consistently less rainfall than the control throughout the day. In both seasons, DO a reduction compared with the control case, especially after the midday peak. The diurnal cycle of ET over localities during the rainy season is unchanged from control to deforested cases. During the local dry season, ET over the grassland increases during the morning, much like over the forest. However, ET reaches its peak sooner and at a lower rate than over the forest and then drops abruptly. The result is a net reduction in daily mean ET of 50% at some grid points. The strong afternoon reduction over dry areas contributes to the skewness apparent in Figure 10d . Over regions of DEC outside the deforested area, where precipitation drops due to deforestation but there is still an adequate supply of soil moisture, ET increases. The extra solar radiation available due to the decrease in cloudiness contributes to increased latent heat flux from the surface.
Diurnal Cycle
The amplitude of the diurnal cycle of surface temperature increases dramatically because of deforestation. The amplitude generally increases by a factor of 2. In some small regions, increases of greater than a factor of 3 are found. The increase is especially noticeable in rainy season areas, where the diurnal cycle of the control case is very weak. Afternoon temperatures are locally 3-10 K warmer, 7-8 K when averaged over the DEF area. In July, deforested surface temperatures are cooler during the morning and warmer during the afternoon and evening. In January, the deforested surface is warmer throughout the day.
Changes in the Circulation
We illustrate the changes to the tropical circulation during December, January, and February (DJF) and June, July, and Table 4 ). Dynamically, one might expect the decrease in roughness to reduce low-level convergence. However, the increase in thermally driven convergence caused by increased surface temperature offsets the reduction in frictional convergence. This helps transport and condense more moisture over the deforested area, adding another source of anomalous heating to further augment convergence. More tropical moisture is advected westward across the Atlantic coastline in the tropics, but the same amount is transported southward out of the region around the subtropical ridge. The recurvature occurs farther east, as the increase in surface temperature over the Amazon basin helps shift the center of the thermal low eastward. The result is that moisture convergence occurs further east as well, increasing rainfall along the coast and slightly decreasing it inland. In the north, a similar shift of the heating center away from the Andes shifts precipitation eastward. Rainfall in the Atlantic ITCZ and over the Caribbean decreases, as more moisture is drawn into South America.
Increasing net surface albedo in the model has a very different effect. A change in surface albedo manifests itself through radiational changes. Less shortwave radiation is absorbed at the surface, so less energy is available for sensible and latent heating. The surface temperature is only slightly cooler, since less heat is being removed by mechanical processes. However, the air temperature in the boundary layer is considerably cooler. Cloud cover is reduced as less energy and moisture are available for lifting and condensation. The reduction in cloudiness allows more shortwave radiation to reach the surface, partially offsetting the decrease in absorption and helping maintain higher surface temperatures. These effects combine to allow only a small increase in net upward longwave radiation, due primarily to increased absorption by the cooler boundary layer. The main anomaly balance, however, is between the decrease in shortwave absorbed and the decrease in surface heat fluxes (compare DO and D9 in Table 4 ). The effect of increased albedo is very much like that proposed by Charney et al. [1977] for the subtropics.
Reduced radiational heating of the atmospheric column (and increased cooling to space) leads to a subsidence anomaly. Thus the thermally driven convergence over the Amazon basin is reduced, and less moisture is pumped through the circulation. The reduction in convergence allows more moisture to advect westward from the basin out over the eastern Pacific. There is a general reduction in precipitation over the entire Amazon and an increase over adjacent waters of the Atlantic, Pacific, and Caribbean. Generally, the anomalies described above are most evident during the heat of the day, when fluxes of radiation, heat, and moisture are greatest. Also, anomalies in the surface energy terms tend to be largest during the local dry season, although changes in the general circulation affect both summer and winter hemispheres.
Currently, deforestation in the Amazon is patchy, with a great deal of variation at small scales. This heterogeneity might be expected to induce rather than retard convection by forming mesoscale circulations [Pielke et al., 1991] . Eventually, assuming continued rates of destruction of rainforest, patchiness will give way to widespread clearing. Eltahir and Bras [1994] The results of this model study corroborate the findings of other deforestation studies for large increases in surface albedo. Nevertheless, given the paucity of field measurements, one can have little faith in current estimates of changes in albedo. Before the effects of deforestation can be forecasted, knowledge of albedo change is essential. Also, the degree to which sensitivity to albedo depends on the radiation and convective schemes used in various GCMs is not completely clear. The Kuo convective scheme used in our GCM has an inherently strong link between changes in precipitation and MFC. $ud et al. [1993] used the Goddard Laboratory for Atmospheres GCM with a different convective scheme [Arakawa and Schubert, 1974] and established that surface albedo changes have an impact in the tropics. Regardless, further testing with different models is needed to verify the separate dependencies of climate on albedo and vegetation change.
